Background: Interests on low-loss terahertz (THz) waveguides are increasing due to their remarkable applications in various fields. Since most the materials are highly absorbent to THz waves therefore it is an ongoing challenge to obtain a low-loss waveguide. This paper presents a novel porous-core square lattice photonic crystal fiber (PCF) for efficient transmission of THz waves. Methods: The guiding properties of the proposed fiber are characterized by using finite element method (FEM) with circular perfectly matched layer (PML) boundary conditions. Results: It is demonstrated that the designed PCF shows very low effective material loss (EML) of 0.076 cm -1 at 1.0 THz that indicates about 62 % reduction of bulk absorption loss of the background material. In addition to this, the proposed fiber exhibits low confinement loss of 8.96 × 10 -3 dB/cm and low flattened dispersion of 0.96 ± 0.086 ps/THz/cm for the optimal design parameters. Other important propagation characteristics such as single mode propagation, power fraction, and bending loss are also investigated thoroughly. Conclusions: A porous-core PCF is an efficient mechanism for the transmission of THz waves. The proposed low-loss and low-dispersion PCF can find numerous applications in THz regime.
Background
In recent years, enormous efforts have been paid to THz PCFs due to their applications in multidisciplinary fields including remote sensing [1] , imaging [2] , security screening [3] and THz time domain spectroscopy [4] . Development of low-loss and low dispersion THz PCFs enable variety of promising applications in biomedical technology such as non-invasive early diagnosis of skin cancer including the basal cell carcinoma [5] , dysplastic skin nevi and melanomas of hardly-accessible skin areas [6] . Moreover, it can be employed for minimally-invasive diagnosis of colon tissue cancers [7] and intraoperative diagnosis of breast tumors [8] . Most of the THz communication systems use free space medium to propagate THz waves, which suffer from various types of problems. Strong water vapor absorption, misalignment issues and complex integration with other components are the major obstacles for efficient transportation of THz waves [9] . Researchers around the world develop various forms of waveguide structures to overcome these problems. However, due to the challenge of dealing with excessive absorption loss, the commercial production of efficient THz waveguide is lagging behind. A great deal of numerical and experimental researches has been performed in order to increase the reliability during the transmission of broadband THz waves through a guiding structure. For example, the theoretical characteristics and experimental measurements of groove guide structure have been demonstrated for low-loss THz signal transmission [10] . Mitrofanov et al. experimentally proposed a dielectric-lined hollow metallic waveguide for low transmission loss and low group velocity dispersion [11] . The attenuation and dispersion properties of coplanar transmission line (CTL) in the THz frequency bands have been experimentally presented in [12] . Wang et al. proposed bare metal wire waveguide having low average attenuation coefficient of 0.03 cm -1 [13] . Besides, PCF having background material as Teflon exhibited high absorption loss of 0.3 cm -1 at 1 THz [14] . The plastic photonic crystal fiber (PPCF) by Han et al. showed comparatively higher loss about 0.5 cm -1 at 0.6 THz [15] . Recently, silicon photonic-crystal slab waveguide has been demonstrated having extremely low propagation loss of 0.04 dB/cm at 0.33 THz [16] . Very recently, PCF based on sapphire shaped crystal has been proposed for efficient THz guidance. This PCF showed low power extinction coefficient of 0.02 ± 0.015 dB/cm at 1.45 THz with minimal dispersion between 1.0 and 1.55 THz [17] .
Recently, tremendous success has been achieved in engineering of the guiding properties of THz fibers by using relatively smaller air holes (smaller than operating wavelength) in the core of the PCF. Such types of structures are known as porous-core PCFs. Porous-core PCFs have gained increased attention due to freedoms for tuning EML, dispersion and confinement loss in a smart way [18] . The wave propagation through porous-core PCF is based on the non-absorbing nature of dry air. Using this formulation, making a tight light confinement in the core and sending most of the mode power into the porous-air holes can greatly reduce the absorption and confinement loss. With this in mind, a few remarkable PCFs have been reported to date. A porous-core honeycomb THz fiber has been proposed by Bao et al. [19] that exhibited low material absorption loss of 1.5 dB/cm at 1.0 THz. However, maintaining of periodicity during the fabrication of honeycomb structure is too difficult. Porous-core octagonal PCF has been reported by Kaijage et al. [20] that showed low EML of 0.07 cm -1 at 1.0 THz. In this work, the authors have not considered few crucial guiding characteristics such as dispersion and power fraction. A hexagonal PCF with hexagonal porous-air holes has been proposed in [21] , where the reported EML was comparatively higher about 0.12 cm -1
. Very recently, a porous-core kagome lattice PCF has been reported in [22] using hexagonal lattice air-holes in the core. This PCF showed very low EML of 0.035 cm -1 at 1.0 THz. However, owing to complex structure fabrication of kagome lattice PCF is limited. The structures proposed in Refs. [23] [24] [25] also represent noticeable improvement in terms of EML, confinement loss and power fraction. Although promising porous core PCFs have been proposed based on the triangular lattice, a square lattice PCF has never been reported in the literature. Therefore, it is quite interesting to observe how the guiding properties of square lattice differ from a regular triangular lattice. The square lattice PCF permits easy fabrication process since it can be realized with standard stack and draw technique [26, 27] . Moreover, technological feasibility of the square lattice PCF has already been demonstrated in Ref. [28] .
In this paper, to the best of our knowledge for the first time, we introduce a new design that consists of square lattice in both outer cladding and inner porous-core. It has been demonstrated that by properly tailoring the fiber's design parameters EML can be lowered significantly, while other guiding parameters such as confinement loss and power fraction can be kept above acceptable limits. In addition to these, single mode guidance and bending loss characteristics of the proposed structure has been analyzed rigorously. The design methodology of the proposed PCF has been discussed in section 2, simulation results and discussions are explained in section 3, and finally conclusion is summarized in section 4.
Design guidelines
The design schematic of the proposed square lattice PCF is shown in Fig. 1 with enlarged view of porous-core. As clearly shown in the figure, square lattice has been used in both outer cladding and inner porous core to form the complete structure. Here, both outer and inner layer is formed by circular air holes with isosceles square unit lattices. It is seen from Fig. 1 that, D core indicates the side length of inner square lattice. The hole-to-hole distance and diameter of air holes in the outer lattice are denoted by (pitch) and d 0 , respectively. On the other hand, hole-tohole distance and diameter of air holes in the inner lattice are denoted by and d c , respectively. It is important to note that the value of pitch in the same ring and two adjacent rings are kept identical which is also indicated in Fig. 1 . In this structure, a relationship is made between and to D core so that changing of D core can automatically adjust the value of inner and outer pitch. These parameters are related by = D core /1.5 and = D core /10.5, respectively. For a preset value of D core , several simulations were done to adjust the pitch values. The pitch values have carefully selected so that air holes of core and cladding region do not overlap each other. Moreover, selection of these pitch values provides best results in terms of EML and power fraction. It should be mentioned that using other values of and might result poor confinement of light in the porous-core and higher value of EML. The air filling fraction (AFF) in the outer lattice d/ is kept constant as 0.95. This higher AFF results lower refractive index around the core, which makes strong light confinement in the porous-core region [23] . The diameter of inner air-holes d c is determined by the porosity, which can be defined as the ratio between total areas of porous air holes to area of core. The number of air-hole rings (N r ) is chosen as 6 since this value is sufficient to provide low confinement loss.
The whole PCF is based on cyclic-olefin copolymer (COC), which is commercially known as TOPAS. Compared to other polymer materials (such as PMMA, HDPE, PP etc.), TOPAS provides few definite advantages. It shows nearly constant refractive index over 0.1-2 THz frequencies [19] . Moreover, it shows low dispersion, low confinement loss and good protection against water vapor absorption [29] .
Methods
The commercially available FEM based on state-of-the-art COMSOL v.5.0 has been used to design and characterize of the proposed porous-core square lattice PCF. To calculate the confinement loss a circular perfectly matched layer (PML) boundary condition has been imposed in the outer cladding. About 58,546 triangular elements and 6,124 edge elements have been used to represent the complete mesh. The average element quality has used about 0.96. The minimum element size has been fixed about 0.81 μm, which is enough for mapping different sizes of air holes. Throughout the simulation, finer element size has been used to obtain greater degree of accuracy. During the simulation the bulk material absorption loss of 0.20 cm -1 has been inserted, which is comparable with the experimental results reported in [19] . Dry air is the most transparent medium for THz waves having almost no absorption (α m = 0) in THz frequency bands [18, 30] . Therefore, absorption loss of air has not been taken into account during the calculation of different losses. It should be mentioned that losses of the proposed fiber have been studied for THz electromagnetic wave intensity.
Results and discussions
The fundamental mode field profile of the proposed PCF for 50 %, 65 % and 80 % core porosities are shown in Fig. 2 . It can be seen from the figure that mode fields are bounded in the porous-core region, which is essential for efficient THz wave propagation. One can observe from Fig. 2 that increasing the core porosity results spreading of mode power towards the cladding region. Since increasing of core porosity causes reduction of index contrast between core and cladding, the guiding modes tend to spread into the cladding region.
Most of the polymer materials are highly absorbent in THz frequency bands and effective transmission of THz signal is mostly limited by the so called EML. The EML is often quantified by the following expression [30] 
where ε 0 and μ 0 indicate the permittivity and permeability of vacuum, n indicates the refractive index of TOPAS, α mat indicates the bulk material absorption loss, and S z denotes the z component of the Poynting vector.
Here, S z = 1/2Re(E × H * )z, where E is the electric field component and H * is the complex conjugate of magnetic field component. The integration of the numerator of Eq. (1) has performed over solid material region of TOPAS and denominator has performed over all regions. EML as a function of core diameter (D core ) for three different core porosities is illustrated in Fig. 3 . It can be seen from the figure that at a fixed D core the value of EML can be reduced by using higher core porosities. On the other hand, at a fixed core porosity the value of EML increases when D core is made larger. The physical explanation behind this phenomenon can be explained by the mode field profiles in Fig. 2 . When core porosity is scaled up, the amount of solid material portion decreases correspondingly. As a consequent, the value of EML is reduced. Again, enlarging the value of D core results increasing of solid material area in the core therefore EML increases. At D core = 280 μm, porosity = 80 % and f = 1 THz the EML has found about 0.076 cm -1 . This value is comparable with previously published results in Refs [20, 21, 23, 25] .
EML as a function of operating frequency for different core porosities is shown in Fig. 4 . As seen from the figure that at fixed frequency, EML can be reduced by using higher core porosities. When core porosity is increased, the guiding electromagnetic wave interacts with less amount of material. As a result, EML of the proposed fiber decreases. The lowest EML has found about 0.064 cm -1 when f = 0.8 THz, D core = 280 μm and porosity = 80 %.
Due to finite number of air holes used in the cladding region, light confinement in PCF is inherently leaky. Confinement loss of a THz PCF is an important guiding property since it potentially limits the length of real THz transmission system. Confinement loss of a PCF can be calculated using the following equation [25] 
where f is the operating frequency, c is the speed of light and Im(n eff ) is the imaginary part of the effective refractive index. Confinement loss as a function of operating frequency for different core porosities is depicted in Fig. 5 . It can be evident that confinement loss decreases rapidly with increasing of frequency. One can also observe that same results can be obtained by scaled down of core porosities. This is obvious since at higher frequencies mode power tightly constricts at the porous core region. On the other hand, when core porosity is scaled down the guiding mode sees less air volume. This way index contrast increases, which is responsible for significant reduction of confinement loss. With D core = 280 μm, 
where X in the numerator denotes the area of region of interest and denominator denotes the total area. For example, power fraction in air core refers to the amount of total mode power propagates in the air holes of the porous core. Figure 6 shows the confinement loss and power fraction in air holes of the porous core as a function D core with different core porosities. Since majority of mode power confines in the porous core, we consider only the power fraction in air holes of the porous core. It can be evident from Fig. 6 that at a fixed value of D core , power fraction in core air holes can be increased by scaling up of the core porosity. Increasing the value of core porosity leads to increase the amount of air volume in the porous-core region. For this reason, mode power mostly propagates through porous air holes and increases the power fraction of air holes in the core. It has been found that about 53 % of total power confines in the air core when D core = 280 μm, porosity = 80 % and f = 1 THz. Figure 6 also shows the confinement loss characteristics as a function D core . As illustrated in the figure that at the same D core , confinement loss increases with scaling up of core porosity. When core porosity is increased, guiding mode tends to spread towards the cladding region (illustrated in Fig. 2) . As a consequent, confinement loss of the proposed fiber increases.
The single mode condition of the proposed porouscore PCF can be determined by using V parameter (normalized frequency). V parameter of a PCF can be expressed by the following relation [9] V ¼ 2πrf c ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where r is the half of the side length, f is the operating frequency, n co is the refractive index of core and n cl is the refractive index of cladding. Due to porous structure, the value of n co is assumed to be the effective index (n eff ) of the guiding mode [31] . The value of n eff can be obtained from the simulation software directly. On the other hand, due to high concentration of air-holes in the cladding region, the value of n cl can be considered as the refractive index of air (n cl =1) [31] . V parameter as a function of frequency with D core = 280 μm, porosity = 80 % is shown in Fig. 7 . It can be noted that the value of V parameter increases with increasing of frequency. It has been observed that increasing of frequency causes significant increase of index contrast between effective indices of core and cladding therefore V parameter is increased. From the Fig. 7 , one can clearly notice that mode cutoff occurs at f = 1.24 THz. Therefore, the proposed fiber acts as a single mode fiber up to 1.24 THz with D core = 280 μm and porosity = 80 %. V parameter as function of core porosity with D core = 280 μm and f =1 THz is shown in Fig. 8 . It is seen from the figure that V parameter decreases with scaling up of core porosities. The reason is the reduction of effective index difference between core and cladding. It has been found that mode cutoff occurs when core porosity is below 36.3 %. The single mode and multimode regions are clearly indicated by the arrow symbols. Now, V parameters as a function of D core with f = 1 THz and porosity = 80 % is shown in Fig. 9 . It can be observed that V parameter increases with increasing of D core . Here, mode cutoff occurs at D core = 348.4 μm when f = 1 THz and porosity = 80 %. The above discussion reflects that the proposed porouscore PCF acts as a single mode fiber when D core = 280 μm, porosity = 80 % and f =1 THz. Dispersion plays a vital role when it comes to consider in practical implementations. A PCF should show very small dispersion over a wide range of frequencies, which is particularly suitable for transmission of wideband signals [22] . On the contrary, flattened dispersion profile permits transmission of simultaneous signals having approximately same pulse spreading. As already discussed that TOPAS exhibits nearly constant refractive index between 0.1 and 1.5 THz. Due to constant refractive index the induced material dispersion can be assumed to zero. Therefore, we need to consider only the contribution of waveguide dispersion (β 2 ), which is given by [25, 30, 31] 
where ω denotes angular center frequency ω = 2πf, f denotes operating frequency, n eff denotes effective refractive index, and c denotes velocity of light. Dispersion as function of operating frequency for different core porosities is depicted in Fig. 10 . It can be evident that the proposed PCF shows positively flat dispersion over 0.8-1.3 THz frequencies. Note that increasing the core porosity results decreasing of dispersion magnitude as well as dispersion variation. The lowest dispersion magnitude and dispersion variation have been found when D core = 280 μm and porosity = 80 %. With these values, the dispersion magnitude at 1.0 THz is about 0.96 ps/THz/cm and dispersion variation between 0.8 and 1.3 THz is about ±0.086 ps/THz/cm. To our knowledge, this is the lowest dispersion variation reported in the literature of porous-core THz PCFs. Now, the bending loss of the proposed PCF has been investigated. When a fiber is bent, mode power tends to diffuse towards the direction of bent and this way bending loss occurs. Here, the conformal transformation method has been used to calculate the bending loss [32] . In this method, the bent fiber is replaced by its 
where n eq (x,y) is the refractive index of equivalent straight fiber, n(x,y) is the original refractive index profile of the proposed fiber, R is the bend radius and x is the distance from center of the PCF. Bending loss as a function of core porosity with different bending radius is shown in Fig. 11 . As illustrated in the figure that bending loss increases with increasing of core porosities. This is due to the fact that, at higher core porosities, guiding mode loosely bounds by the porous air core therefore it fails to trap the light much enough. Total loss of the proposed fiber consists of effective material loss, confinement loss and bending loss. Total loss of the designed structure as a function of core porosity is shown in Fig. 12 . At D core = 280 μm, porosity = 80 %, R = 1 cm and f = 1 THz the total loss has been found about 0.3715 dB/cm.
At this point, we would like to make a comparison table that compares guiding properties of the proposed PCF to other existing PCFs in the literature. Table 1 shows the comparison taking into account of EML, confinement loss (α CL ), power fraction of porous air holes in core and dispersion variation. It is worthy to mention that all guiding properties are mentioned at 1.0 THz frequency.
Finally, we would like to address the fabrication possibilities of the proposed square lattice THz fiber. It should be noted that by using the conventional stack and draw technique it could be possible to fabricate square lattice PCF. Since this standard method has been already employed to square lattice PCFs [26] [27] [28] ; therefore, this technique would be a good choice to fabricate the proposed structure. The edgedefined film-fed growth (EFG) or Stepanov technology would be another viable solution to fabricate the square lattice PCF [33] . This technology has been already employed in [17] in order to obtain high quality fiber cross section. To our knowledge, these two verified techniques [17, 33] should be enough for practical realization of the proposed square lattice PCF.
Conclusion
In summary, a new square lattice based porous-core PCF has been proposed and its guiding properties are characterized with varying of different structural parameters. A thorough numerical investigation has been performed to obtain very low EML of 0.076 cm -1 and low confinement loss about 8.96 × 10 -3 dB/cm at 1.0 THz. The single mode propagation of the proposed design has been justified for different core porosities and core diameters. The structure is feasible in terms of fabrication due to its realistic size and contains only circular air holes. All these characteristics make this porous-core square lattice PCF a potential candidate for applications in efficient THz wave propagation. 
